This work examines the effect of butanol as an oxygenated additive to lower carbon monoxide, smoke, nitrogen oxide and hydrocarbon emissions and to improve the performance aspects of Calophyllum inophyllum (Punnai) biodiesel. Singlecylinder, oil-cooled compression ignition engines are employed in this work. Neat Punnai biodiesel (P100) is blended with butanol at 10% and 20% by volume and labelled as B10P90 and B20P80, respectively. Methanol and alkaline catalyst (KOH) were used for the transesterification process for biodiesel production. The transesterification technique yielded 88% biodiesel from raw Punnai oil. Engine tests resulted in lower CO, smoke, NO x and HC emissions when fuelled with both butanol blends when compared to P100. In addition, BSFC (brake-specific fuel consumption) reduced and BTE (brake thermal efficiency) increased with the inclusion of butanol blends (B10 and B20) to neat Punnai biodiesel.
Introduction
Diesel fuel is widely employed as a major fuel in industry, power and transportation areas owing to its high efficiency.
Pollutants such as carbon monoxide, smoke and hydrocarbons from diesel fuel combustion have a serious impact on human health and the environment. To facilitate lowering these emissions, fuel derived from a renewable source is highly promising . Biodiesel and bio-alcohols are the potential fuels which could be used in current engines without much alteration (Appavu 2018) . These fuels have similar fuel properties to diesel. However, neat biodiesel in a diesel engine results in higher viscosity issues (Ganesan 2019) . Hence, the viscosity of neat biodiesel should be lowered as far as possible to minimize the drawbacks mentioned. Many studies were attempted by blending the lower carbon-hydrogen (C-H) alcohols such as methanol and ethanol which resulted in phase separation leading to poor ignition (Rajesh Kumar and Saravanan 2016; Ramakrishnan et al. 2019) . To reduce this drawback, alcohols having a longer C-H chain and higher calorific value, namely butanol, pentanol and octanol, are potential additives to diesel-biodiesel blends (Devarajan 2018) .
Many studies explored the usage of higher C-H alcohols to diesel/biodiesel blends (Joy et al. 2017; Devarajan 2018; Devarajan et al. 2018) . Devaraj et al. (2018) have found that the addition of higher C-H alcohols (pentanol) to diesel reduces CO, NO x emissions. confirmed that pentanol addition lowered biodiesel HC and CO emissions. Kishore Pandian et al. (2017) also agreed with the result stating that the addition of pentanol to biodiesel fuel lowers its NO x emissions. Radhakrishnan et al. (2018) evaluated the impact of adding different volumes of pentanol to palm biodiesel in a research engine. They found a 3.9% reduction in NO x emissions by including 20% volume of higher C-H alcohols to palm biodiesel. In addition, they also found that the usage of pentanol reduces CO and smoke emissions in a diesel engine. Yuvarajan et al. (2019) observed the emission efficiency of cyclo-octanol with biodiesel. Cyclo-octanol addition results in lower tailpipe emissions at low, moderate and high loads. Further, cyclo-octanol also boosts the rate of dispersion in fuel. Pandian et al. (2018) confirmed that hexanol addition lowered biodiesel (cashew nutshell) HC, CO emissions. Mahalingam (2018) found that the addition of pentanol to biodiesel reduces CO, NO x emissions. Previous literature confirms that the addition of longer C-H chain and higher calorific value, namely butanol, pentanol and octanol, to diesel/biodiesel results in lower emissions and improved fuel efficiency.
The reason for employing Punnai oil as a source of biodiesel
Punnai seeds obtained from the Punnai tree yield raw oil on drying and crushing. The oil obtained from these seeds is nontoxic, free from sulphur and aromatics and biodegradable. It also has a high boiling point, cetane number and flash point, low vapour pressure and high density which enhance the running of engines. It has been found that 1 kg of Punnai seeds yields 420 ml of Punnai oil.
Novelty of this work
Information from the previous work shows that adding higher alcohols, namely butanol, pentanol, hexanol and octanol, in certain volume proportions to diesel/biodiesel and its blends is an effective way of reducing the associated emissions. However, no specific work has been conducted on using nonedible Punnai biodiesel as a neat fuel in compression ignition engine applications. Further, the detailed investigation of the effect of butanol in Punnai biodiesel has not been attempted before. Hence, this study details the outcome of using butanol as an oxygendonating additive on emissions and performance patterns of Punnai biodiesel in a diesel engine.
Materials and methods

Butanol
Butanol contains ten hydrogen and four carbon atoms with the molecular formula of C 4 H 10 O and is classified as a higher alcohol. Since it has a longer C-H chain, it can be used as neat CI engine fuel. Butanol is obtained by anaerobic fermentation. It is a flammable and colourless alcohol having a calorific value of 29,200 kJ/Kg, a self-ignition temperature of 340 °C and kinematic viscosity of 2.6 psi. Butanol, when blended with Punnai biodiesel, lowers the overall viscosity which has a positive impact on ignition properties. Improved properties, eco-friendly nature and ease in availability make butanol an encouraging additive to biodiesel/diesel fuels. Table 1 shows the properties of butanol.
Fuel preparation
Alkaline transesterification was employed for the biodiesel production from Punnai oil. Hundred grams of Punnai oil was taken in a conical flask and mixed with 0.5% (weight%) of KOH and methanol at a ratio of 5:1 and heated to 85 °C. Then, the mixture was stirred constantly at 55 °C for a reaction time of 40 min and kept uninterrupted for phase separation. The upper layer was of Punnai biodiesel while glycerol settled at the base. The conversion ratio of the oil to biodiesel was found to be 88% (500 ml of raw oil yielded 440 ml of biodiesel). Table 2 shows the fatty acid composition of base fuel. A volume fraction of 10% and 20% of butanol was dispersed in neat Punnai biodiesel using an R-4C ultrasonicator and labelled as B10P90 and B20P80, respectively.
Stability testing
The stability of butanol in P100 was investigated using a UV-visible spectrometer. Subsequently, the dispersion of butanol in P100 was studied with a gravitational procedure. No notable separation in phase was found between butanol and P100. P100-butanol blends (B10P90 and B20P80) and Punnai biodiesel (P100) were fuelled separately for further investigations. The physical and chemical properties of B10P90, B20P80 and P100 are shown in Table 3 .
Experimental setup
The entire fuel sample (B10P90 and B20P80, and P100) was fed to the engine fuel test tube with a particle filter at controlled ambient temperature. The flow meter was connected to the fuel test tube to compute fuel consumption. Engine load was generated by a resistor bank. A Di-gas exhaust gas analyser from AVL was employed to measure the NOx, hydrocarbons (HC), smoke opacity, carbon monoxide (CO) emissions from the fuels. Testing was performed on a single-cylinder, manual, oil-cooled, four-stroke engine. Table 4 illustrates other engine specifications. Figure 1 shows a photograph of the test engine.
Uncertainty analysis
Systematic and random uncertainties were computed from five repetitions (n = 5) by carefully checking each instrument, method and its calibrations. For every parameter tested, the instrumental uncertainties are combined with the experimental uncertainties (total uncertainties = instrumental + experimental). The final result of each sample was the quadratic sum of each of the expanded uncertainties indicated in Eq. (1):
(1) where W R = R R ; ± R is the error in R.
Results and discussion
Physicochemical properties of test fuels
The kinematic viscosity of diesel is lower than Punnai biodiesel. Adding butanol to Punnai biodiesel lowers its viscosity and makes it closer to diesel. The heating value of diesel is 5.8% superior to Punnai biodiesel (PBD). Adding butanol to PBD lowers the calorific value by 4.1%. This reduction is due to the lower calorific value of butanol (Sudalaimuthu et al. 2018) . The higher molecular weight and the structure of PBD make it 3.6% denser than diesel (Vellaiyan et al. 2019) . It is well known that the flash point of all the biodiesel is significantly higher than diesel, which makes it safer to handle and to transport Rajesh Kumar et al. 2016) . The cetane indexes of the Punnai fuels (B10P90, B20P80 and P100) are significantly higher than diesel owing the higher degree of unsaturation.
Hydrocarbon emissions
HC emissions for P100, B10P90, diesel and B20P80 are shown in Fig. 2 . HC emissions rise sharply with load for all fuels. With an increase in load, the mixture gets rich and aids incomplete combustion and higher HC emissions. HC emissions from biofuels are lower than diesel. This is due to its higher carbon atom and oxygen content (Balan et al. 2018) . Adding butanol to Punnai biodiesel lowers its HC emissions. This is due to the increase in the rate in the combustion process. Butanol acts as an oxygenated catalyst and leads to more complete combustion and lower HC emissions ). HC emissions from B20P80 are 2.7% lower than B10P90. This reduction is due to the lower viscosity of B20P80. Fuel with lower viscosity improves the atomization process and results in lower HC emissions ). B10P90 produces 1.9% lower HC emissions than P100, while B20P80 produces 2.8% lower HC emissions than P100.
Carbon monoxide emissions
Change in CO emissions for P100, B10P90, diesel and B20P80 is shown in Fig. 3 . CO emissions rise with load for all fuels. This is due to the formation of a rich mixture under load Rathinam et al. 2018 ). CO emissions for P100, B10P90 and B20P80 are considerably lower than diesel owing to its natural oxygen content (Vellaiyan et al. 2019) . Further, the oxygen present in Punnai biodiesel and butanol blends significantly improves the combustion efficiency and lowers CO emissions. B10P90 and B20P80 produce lower CO emissions than P100 and diesel. The oxygen-donating catalysts in butanol activate the combustion reaction and lower CO emissions (Arulprakasajothi et al. 2018). B20P80 produces 1.2% lower CO emissions than B10P90. The lower viscosity of B20P80 enhances the chemical reaction and lessens the delay period and CO emissions. B10P90 produces 1.9% lower CO emissions than P100, while B20P80 produces 2.8% lower CO emissions than P100. The obtained results agree with numerous other experimental works performed on alcohol/biodiesel/diesel blends (Senthilkumar et al. 2018; Venu and Madhavan 2016; Sivamurugan and Devarajan 2018) . an additional quantity of fuel is supplied with the same magnitude of air in the cylinder, which makes the fuel-air richer and aids incomplete combustion and elevated smoke emissions. P100 produces more smoke than B10P90 and B20P80. The atomization process of air is improved by the oxygen-rich fuels, namely B10P90 and B20P80. The finer atomization reduces fuel accumulation and enhances the rate of combustion. B20P80 produces less smoke than B10P90 and P100. This is because of the improved evaporation rate and enhanced ignition properties of a higher percentage of butanol in B20P80. B10P90 produces 2.3% lower smoke emissions than P100, while B20P80 produces 3.6% lower smoke emissions than P100.
Smoke opacity
Oxides of nitrogen emissions
NO x emissions for P100, B10P90 and B20P80 are shown in Fig. 5 . NO x emissions increase with load for all fuels. At higher loads, the mixture gets rich and aids incomplete combustion and higher NO x emissions (Joy and Beemkumar 2019) . NO x emissions from biofuels are higher than diesel . This is due to high combustion temperature attained during combustion. Adding butanol to Punnai biodiesel lowers its NO x emissions. This is due to the increase in the rate in the combustion process . Butanol acts as an oxygenated catalyst and leads to lower combustion temperature and lower NO x emissions. NO x emissions from B20P80 are 1.8% lower than B10P90. This reduction is due to the lower viscosity of B20P80. Fuel with lower viscosity improves the atomization process, reduces ignition delay and lowers NO x emissions (Yuvarajan and Ramanan 2016) . B10P90 produces 1.2% lower NO x emissions than P100, while B20P80 produces 1.7% lower NO x emissions than P100.
Carbon dioxide emission
Change in CO 2 emissions for P100, B10P90, diesel and B20P80 is shown in Fig. 6 . CO 2 emissions for P100, B10P90 and B20P80 are considerably lower than diesel owing to its natural oxygen content (Vellaiyan et al. 2019) . Further, the oxygen present in Punnai biodiesel and butanol blends significantly improves the combustion efficiency and lowers CO 2 emissions. B10P90 and B20P80 produce lower CO 2 emissions than P100 and diesel. The oxygen-donating catalysts present in butanol activate the combustion reaction and lower CO 2 emissions (Arulprakasajothi et al. 2018 ). B20P80 produces 0.8% higher CO 2 emissions than B10P90.The lower viscosity of B20P80 enhances the chemical reaction and lessens the delay period and lowers CO 2 emissions. B10P90 produces 1.6% lower CO 2 emissions than P100, while B20P80 produces 2.1% lower CO 2 emissions than P100. The obtained results agree with numerous other experimental works performed on alcohol/biodiesel/diesel blends. 
Brake thermal efficiency
Change in BTE for P100, B10P90, diesel and B20P80 is shown in Fig. 7 . BTE for all fuels increases significantly with the load. At higher loads, the mass of fuel supplied is increased which in turn increases the brake power and BTE. BTE for P100, B10P90 and B20P80 is lower than diesel at all loads. Fuel with higher calorific value requires less quantity of fuel to be supplied. This lower supply of fuel is inversely proportional to BTE. BTE for B10P90, B20P80 is 0.7% and 1.1% higher than P100 at 100% load. The lower viscosity of B10P90, B20P80 lowers the delay period and enhances the atomization process and produces higher BTE. The average BTE from B20P80 is 2.2% higher than B10P90. This enhancement is due to the lower viscosity of B20P80. Fuel with lower viscosity improves the atomization process and enhances combustion efficiency and BTE. The obtained results agree with numerous other experimental works performed on alcohol/biodiesel/diesel blends (Senthilkumar et al. 2018; Venu and Madhavan 2016; Siva et al. 2018; Rajesh Kumar and Saravanan 2015) . Figure 8 illustrates the change in BSFC for B10P90, B20P80, P100 and diesel. BSFC reduces with load for all test fuels. With a rise in load, an additional quantity of fuel is supplied to sustain the combustion process which leads to higher power output and lower BSFC. P100 produces higher BSFC than B10P90 and B20P80. The atomization process of air is improved by the oxygen-rich fuels, namely B10P90 and B20P80. The finer atomization reduces fuel accumulation, enhances the rate of combustion and lowers BSFC. B20P80 produces lower BSFC than B10P90 and P100. This is because of improved evaporation rate and enhanced ignition properties of a higher percentage of butanol in B20P80. B10P90 produces 1.3% lower BSFC than P100, while B20P80 produces 1.9% lower BSFC than P100.
Brake-specific fuel consumption
Conclusion
The consequence of using butanol as a higher alcohol up to 20% in volume on the emission and performance pattern of Punnai biodiesel/butanol blends was investigated. The following conclusions arise from this study.
• B10P90, B20P80 blends showed the potential results of significant physicochemical properties. • Smoke opacity decreased for B10P90 with the reduction being even greater for B20P80. Smoke opacity hardly increased due to the dominance of oxygenated conditions for B10P90, B20P80 blends. • NOx emissions for B10P90, B20P80 blends displayed comparable behaviours under all conditions. NOx emissions lowered with an increase in butanol percentage in the blends. • The HC emissions were lower for B10P90, B20P80 than P100 under all conditions. This is because of their higher cetane number. • Increasing butanol content in the P100 improved CO emissions. Butanol has a high heat of vaporization, which enhances the oxidation reaction. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
